Abstract-This paper presents an initial rotor position estimation method for low saliency interior permanent-magnet synchronous motor (IPMSM) drives. The method injects signals into the stationary α-β frame of the motor and substitutes the injected signals into the stationary α-β frame model of the motor to solve for the rotor position. In particular, the method injects specific signals into the motor to eliminate the rotor-position-independent terms while keeping the rotor-position and motor-saliency dependent terms in the motor model. As a result, the rotor-position and motor-saliency dependent terms are invulnerable to errors or noise in the rotor-position-independent terms and therefore when used to solve for the rotor position, lead to accurate results in rotor position estimation. Experimental results show that the position estimation error is less than 5° electrical for a low saliency IPMSM whose d-axis and q-axis inductance are 1.65mH and 1.70mH respectively.
INTRODUCTION
Interior permanent magnet synchronous motors (IPMSMs) have been widely used for many industry applications because of their various advantages, such as high torque density, high efficiency, low torque ripple, low noise and low maintenance requirement.
In general, IPMSMs are controlled with the field orientation control method, which requires instantaneous rotor position information for implementation. Conventionally, the rotor position information is obtained from a mechanical sensor attached to the rotor shaft. Since such a sensor increases the size, weight, and cost and compromises the reliability of the drive, sensorless control techniques become more and more desirable in the recent two decades [1] - [16] .
Initial rotor position information is required to start-up an IPMSM drive. The simplest way to obtain the initial rotor position without using a mechanical sensor is to align the rotor to a known position. Usually the alignment is done by applying dc current to some stator phases for a certain amount of time, so that the stator phases would generate a constant flux linkage that attracts the magnet of the rotor and aligns the rotor magnet to the stator flux linkage. However, in this dc excitation method, the rotating direction of the rotor is unpredictable. Such uncertainty makes this method inapplicable for many applications [1] .
More advanced methods to obtain the initial rotor position without using a mechanical sensor and without causing the rotor to rotate are to use injected signals to detect the saliency of the motor and hence the initial rotor position [1] - [16] . As a result, these methods require the motor have considerable saliency and fail to work for low saliency IPMSMs-motors resulting from many machine design approaches [17] . For example, methods presented in [1] - [11] inject signals to an estimated rotor reference frame. The injected signals interact with the saliency of the motor and produce signal components that depend on the position error between the estimated rotor reference frame and the actual rotor reference frame. These methods use certain mechanism to make these position-error-dependent signal components reach near-zero values. In this case, the position error is considered as almost zero and the actual rotor reference frame is considered as being aligned with the estimated reference frame. However, these position-errordependent components also depend on the motor saliency. When the motor saliency is small, these components may have small values while the rotor position error is large. Methods presented in [12] - [15] inject signals into the stationary α-β frame of the motor and substitute the injected signals into the stationary α-β frame model of the motor to yield motor models that contain rotor-position-dependent terms. These rotor-position-dependent terms are then used to solve for the rotor position. However, these terms also depend on the saliency of the motor. When the saliency is small, these terms are small compared to some rotorposition-independent terms in the motor model. As a result, any small errors in the rotor-position-independent terms can cause large errors in the rotor-position-dependent terms and therefore lead to large errors in rotor position estimation. This paper presents an initial rotor position estimation method for low saliency IPMSM drives. The method injects signals into the stationary α-β frame of the motor and substitutes the injected signals into the stationary α-β frame model of the motor to solve for the rotor position. In particular, the method uses specific injected signals to eliminate the rotor-position-independent terms while keeping the rotor-position and motor-saliency dependent terms in the resultant motor model. As a result, the errors in the rotor-position-independent terms will not cause errors in the rotor-position and motor-saliency dependent terms and therefore will not cause errors in rotor position estimation. Experimental results show the position estimation error is less than 5° electrical for a small saliency IPMSM whose daxis and q-axis inductance are 1.70mH and 1.65mH respectively.
II. MATHEMATICAL MODEL OF IPMSM
The mathematical model of the IPMSM in the rotating d-q reference frame is given as: 0
Where and are stator voltage in the d-axis and the qaxis respectively; and are stator current in the d-axis and the q-axis respectively; and are the stator inductance in the d-axis and the q-axis respectively; R is the stator phase resistance; is the rotor angular speed; is the permanent magnet flux linkage;
⁄ .
The rotor position θ is defined as the angle between the α-axis of the stationary α-β frame and the d-axis of the rotating d-q frame. In this paper, electrical degree is used as the unit of θ.
Transform (1) 
Where , ; and are stator voltage in the α-axis and the β-axis respectively; and are stator current in the α-axis and the β-axis respectively; θ is the rotor angular position.
III. PRINCIPLE
Substituting 0 into (2) yields:
Equations (3) serves as the analytical basis for developing the proposed sensorless technique. Note that the last term on the right-hand side of equation (3) contains rotor position θ. However, the term also depends on , which is very small compared to R and in the first two terms on the right-hand side of equation (3) due to the low-saliency characteristic of the motor, making it very challenging to solve for θ from (3).
To overcome the problem, the proposed method injects specific signals into the motor to eliminate the terns in equation (3) that contain R or . To obtain a unique solution for θ, the method uses two signal injections.
A. First Signal injection.
In the first signal injection, a current is injected into phase b and phase c while no current is injected into phase a, i.e., 0,
The a-b-c to α-β transformation is given as:
Substituting (4) into (5) yields: 0
Substituting (6) into (3) yields:
Note that the terms in (3) that contain R and are eliminated in (7) . Transforming into the a-b-c frame yields:
Where and are line voltage of the motor.
Transforming into the a-b-c frame yields:
Substituting equation (8) and (9) into (7) yields:
In (10), v ac and v bc can either be calculated from the DC link voltage of the motor drive inverter and the gating signals of the switches in the inverter or be sensed with voltage sensors; i b can be sensed with a current sensor. As a result, sin(2θ) can be calculated using (10) and then used to solve for θ. However, using only the sin(2θ) value to solve for θ will lead to multiple solutions. This ambiguity issue necessitates the second signal injection, which is described below.
The above injection is done by proper control of the motor drive inverter. To ensure i a =0, and are turned off; to inject i b and i c into the motor, and are turned on while and are turned off for a period of T, to apply the DC link voltage between phase b and c in this period and therefore build up a current that flows in phase b and phase c, and afterwards, and are turned off while and are turned on for a period of T, to apply the DC link voltage between phase c and phase b and therefore bring the current back to zero. 
B. Second Signal injection.
In the second signal injection, current is injected into phase a and phase b while no current is injected into phase c, i.e., 0,
Substituting (11) into (5) 
Substituting (12) into (3) yields:
Multiplying √3 on both sides of equation (14) and adding the resultant equation to (13) yields:
Note that the terms in (13) and (14) that contain R and are eliminated in (15) . Transforming and into the a-b-c frame yields:
Substituting (16) into (15) yields:
Similar to the sin(2θ) value in (10), the sin(2θ+π/3) value in (17) can be calculated using the phase voltage and current of the motor . The value can then be combined with the sin(2θ) value calculated from (10) to lead to a unique solution for θ. The above current injection is done by the below inverter control. and are turned off to ensure i c =0; and are turned on while and are turned off for a period of T, to apply the DC link voltage between phase a and phase b in this period and therefore build up a current in phase a and phase b, and afterwards, and are turned off while and are turned on for a period of T, to apply the DC link voltage between phase b and phase a and therefore bring the current back to zero.
Noted that T is selected to be small enough to ensure the rotor will not move during the signal injection.
IV. EXPERIMENTAL RESULTS
To verify the proposed sensorless control technique, experiment was carried out on a low saliency IPMSM whose specifications and parameters are listed in TABLE I.
The block diagram of the motor drive is depicted in Figure 3 . The motor is driven by a voltage source inverter, which uses insulated gate bipolar transistors (IGBTs) as switching devices. The DC link voltage of the inverter is 300V. Figure 3 .
Block diagram of motor drive. Figure 4 and Figure 5 show the experimental results at the position of 30 electrical degree. Figure 4 shows the DC link voltage, v ac , and i b in the first injection while Figure 5 shows the DC link voltage, v ac , and i a in the second injection. The process shown in Figure 4 is as follows. At the beginning of the injection, the upper switch of phase b and the lower switch of phase c (Q 3 and Q 6 in Figure 1) were turned on and the 300V DC link voltage was applied between phase b and phase c. As a result, a current built up linearly and flew from phase b to the neutral point of the motor and then to phase c. The varying current resulted in a varying magnetic field in the motor, which, in turn, resulted in a voltage between phase a and phase c (v ac ).
After 100µs, the lower switch of phase b and the upper switch of phase c (Q 4 and Q 5 in Figure 1 ) were turned on and the DC link voltage was applied between phase c and phase b. As a result, phase b current ramped down and became zero after 100µs. the change in the current also caused the change in the v ac polarity.
The process shown in Figure 5 is similar. The upper switch of phase a and the lower switch of phase b were turned on first for a 100µs period. As a result, a current built up linearly in phase a and phase b. Afterwards, the lower switch of phase a and the upper switch of phase b were turned for a 100µs period to bring the current back to zero. Figure 6 and Figure 7 show the experimental results at the position of 0 electrical degree. Figure 6 shows the DC link voltage, v ac , and i b in the first injection while Figure 5 shows the DC link voltage, v ac , and i a in the second injection.
The same experiment was carried out at other rotor positions and the results were similar. The rotor position was estimated using the injected signals. In the first signal injection, motor line voltage , DC link voltage and phase b current were sensed using voltage transducers and a current sensor. The outputs of the transducers and the sensor were sent to Analog-to-Digital converters (ADCs) in the dSpace system that was used to control the motor drive and were sampled by the ADCs. Then the derivative value of was calculated by the DSpace system. The resultant value, together with the sampled value and the sampled DC link voltage, was used to calculate the rotor position based on equation (10), which would provide four solutions in the range of [0º, 360º).
In the second signal injection, similarly, the sensed DC link voltage, motor line voltage , and phase a current were sent to the ADCs in the dSpace system. The derivative value of was then calculated, and together with the sampled and the sampled DC link voltage, was used to calculate the rotor position based on equation (17) . The overlap between the solutions obtained from (10) and the solutions obtained from (17) was two 180º-apart solutions that corresponded to the north-pole and the south-pole of the rotor. The true rotor position was identified among these two 180-apart solutions using the rotor polarity identification techniques that have been discussed in the literature [15] .
The propsoed rotor position estimatin method was carried out at different rotor positions. The estimated rotor positions were compared to the rotor positions obtained form a encoder attached to the rotor shaft. The results of the compariosn are shown in Figure 8 . Figure 8 shows that the estimated rotor positions were very close to the rotor positions obtained form the encoder-the maximum rotor position estimation error was about 5 electricla degrees. 
V. CONCLUSION
This paper presents a new signal injection method for sensorless control of low saliency IPMSM drives at standstill. Experimental results show that the method has very small error in rotor position estimation for a low saliency IPMSM. As a result, the method can be used to start a low saliency IPMSM, as well as a high saliency IPMSM, with high performance.
